The aim of the study was to consider the crystallization interval of dental CoCrMo alloys with different carbon contents as well quantitative and qualitative analysis of changes in their microstructure. The two different batches of Wironit extra-hard alloy (0.413 and 0.806% C by mass.) were tested. The chemical composition has been carried out as well as microstructure characterization (optical, scanning electron microscopy and X-ray diffraction). A quantitative and qualitative image analysis was performed. The process of differential thermal analysis was carried out in the Balzers VSG-02 vacuum induction furnace. The presence of the Co-b solution matrix and M 23 C 6 carbides was demonstrated as well as Co-a solution. Along with the change in the content of carbon in the castings, a qualitative change in the microstructure was noted. Low carbon castings are dominated by blocky eutectic-type precipitates, whereas in high carbon castings, blocky dense precipitates dominate. The results showed that the carbon content influences the crystallization parameters of the alloy (in particular increasing the T liq and decreasing the T sol with lower carbon content). It was shown that the melting point of the alloy was higher than indicated by the manufacturer (1533-1578 K). For this study, the range of 1635-1660 K was obtained. This occurrence is very disadvantageous. Using the recommended pouring temperature of 1693 K for casting the material, which usually has a carbon content of about 0.4%, a low degree of superheat is obtained, which significantly limits or even excludes the castability of the alloy.
Introduction
Despite the emergence of scientific reports on the harmful effects of some metals on living organisms, metal biomaterials, including casting alloys, are still successfully used in dental prosthetics and maxillofacial surgery. It is caused by a lack of non-metal replacement materials with similar good mechanical and technological properties that also meet the required economic criteria. 1 Casting cobalt alloys are superalloys used in both medicine and industry. Due to high tensile strength and excellent resistance for creep and high temperature corrosion they are used as elements of aircraft engines and turbines. In recent years, due to high strength, high wear resistance, high thermal conductivity and lower coefficient of friction, aluminum-based composites have also become popular in the aviation and automotive industries. [2] [3] [4] [5] [6] Cobalt alloys as biomaterials, including dental ones, are characterized by very good resistance to pitting and crevice corrosion as well as good mechanical properties. 7 Requirements for metal materials used in prosthetic restorations are specified in ISO 22674: 2016. 8 The main components of cobalt alloys used in medicine are chromium, molybdenum, nickel and tungsten. In the cobalt alloys, carbon (considered being an element increasing the stability of the Co-b-solution) and carbide alloying additives are usually present. In works concerning the microstructure of casting alloys, it is usually assumed that the matrix of the alloy is a metastable b-solution and the proportion of Co-a solution does not exceed several percent and is not the subject of research. [9] [10] [11] [12] The diffraction phase analysis is carried out on isolated precipitates 12 or on the samples for which the description of the matrix is omitted in the diffraction pattern and the studies are focused on the precipitates. [13] [14] [15] [16] More attention is focused on the b into a phase transformation in plastically deformed alloys and those that are produced in the sintering process. [17] [18] [19] [20] Chromium and molybdenum are strong carbide forming elements-forming primary and secondary carbides in Co-Cr-Mo-C alloys. In the process of crystallization, the M 23 C 6 chromium-rich primary carbides are formed. M 23 C 6 carbides, in a specified range of chemical composition and temperature, may occur in equilibrium with M 6 C carbides.
Properties of dental prosthesis and their design have a significant impact on their durability in a complex state of bio-mechanical loads that occur in the mouth during the chewing process. The mechanical loads are responsible in main part for the damages and failures of prosthetic supplies. Clamping forces depending on the size, intensity, duration and location cause varying degrees of stress concentration in the hard tissues of the tooth and dental restorations, which often results in damage to fasteners or damage to the entire denture prosthesis. 21 The main casting defects that reduce mechanical strength of dental alloys are shrinkage porosity and segregation of chemical composition. The mechanical properties of dental castings are also adversely affected by the tendency to build a coarse crystalline structure and a considerable number of precipitates in interdendritic spaces (carbides or brittle intermetallic phases) that cause the brittleness of alloys. 16, 22 The carbides causing the brittleness of alloys are the continuous carbides at the boundaries of crystallites as well as lamellar carbides. 23, 24 The chemical composition of Co-Cr-Mo biomedical alloys as well as the presence and quantity of the phases and precipitates determines the mechanical and corrosive properties. That is why in the literature studies of morphology, type of precipitates in biomedical cobalt alloys are an important topic [23] [24] [25] [26] and remain valid. 22, [27] [28] [29] [30] [31] The subject of study was the commercial dental cobaltbased alloy. The Wironit extra hard is often used in Poland. The ISO 22674:2016 standard 8 allows alloy manufacturers to specify the percentage of only those elements whose content in the alloy exceeds 1%. The producer of each alloy always joins to them an instruction for use which comprises information about the manufacturing conditions and related properties of the casts. The alloy manufacturer indicates that the percentage of carbon should not be higher than 1%. The research problem is the fact that batches with different percentages of carbon occur within the same grade of alloy. The aim of the conducted study was to consider the differences in the crystallization process of Co-Cr-Mo alloys with different carbon content as well as quantitative and qualitative analysis of changes in their microstructure. Prosthetic practice to assess the temperature from which alloys are cast is very difficult. However, some works showed that the temperature of liquid alloys influences functional properties of the casts and finally the quality of the dentures. 32 Incorrect selection of casting parameters may result in products with defects or completely exclude the castability of the alloy. The casting parameters also affect the casting microstructure which determines the operational properties (mechanical, corrosive) of the prosthetic elements.
The differential thermal analysis (DTA) of castings with different percentage of carbon content, as well as verification of phase composition and morphology of the precipitates analyses, will allow to determine the characteristic points of solidification of the alloy and the interrelation between changes in chemical composition, and microstructure. A thorough knowledge of the course of the alloy crystallization process will allow obtaining better quality of dental castings.
Materials and Methods

Material
The Wironit extra-hard alloy was purchased for the tests. Its chemical composition was tested before and after casting (DTA). Two kinds of batches of Wironit extra hard were selected: (0.4% C-the percentage of carbon most frequently found in this alloy and 0.8%C-extremely high carbon content found in this alloy).
Using the batches labeled as LCC (low carbon content: 0.413%C by mass) and HCC (high carbon content: 0.806%C by mass), the castings for DTA were made. After casting in a vacuum and a protected atmosphere (argon), the differences in chemical composition between the input material and castings were statistically insignificant. The chemical composition of the alloy declared by the manufacturer and measured is specified in Table 1 . 33 
Chemical Composition Analysis
In order to investigate the chemical composition of the castings, the Q4 Tasman 130 emission spark spectrometer from Bruker (Germany) was used. The spectrometer was subjected to the standardization procedure on 3 calibration standards: RCo 11/2, RCo14/104 and RCo16/19. The research was carried out on the Co100 research channel. Statistical analysis of the results was made using Dell Statistica (data analysis software system), version 13 software by Dell Inc. (2016) company.
Differential Thermal Analysis (DTA)
The method of thermal analysis of solidifying and cooling metals (differential thermal analysis-DTA) is a known method for determining phase transition temperatures. These temperatures are determined by a continuous cooling process. The changes during crystallization and in solid state are illustrated on the T = f(t) graph in the form of kinks, bends and stops. When the energy extracted or absorbed is small, it is difficult to determine some characteristic temperatures from the T = f(t) graph. In this case, additional and more detailed information is provided by the graph T 0 = dT/dt, i.e., the speed of temperature change in the analyzed system. [34] [35] [36] In the differential chart, even small changes in the intensity of the heat generated or absorbed cause visible refractions and changes in the direction of the derivative. The crystallization curve determines many characteristic points. The most characteristic are the intersection points with the zero axis. These points, referenced to the cooling curve, determine the characteristic temperatures for stable and equilibrium transformations. Selected material (0.4% C and 0.8% C, respectively) was melted in the Balzers VSG-02 vacuum induction furnace using the ceramic crucible (Al 2 O 3 ). Weight charge was 0.5 kg. The ceramic molds based on Al 2 O 3 with dimensions: : / = 35 mm/h = 60 mm were prepared for DTA analysis. In the thermal center of the mold, a Pt-PtRh10 thermocouple (in a quartz casing) was loaded. The molds were placed in the furnace in which the charge was melted; the molds were poured under an argon atmosphere at a pressure of * 900 hPa, the pouring temperature was 1743 K. Solidification was recorded by Crystaldigraph PC-8T equipment. Ingots after DTA analysis and after breaking the molds and cooling in air to ambient temperature were cut into the disks (for chemical composition tests and microstructure observations).
Microstructural Analysis
Samples were included in the acrylic resin (VariDur10 from Buehler GmbH). Then, they were grinded on diamond disks corresponding to sanding grains with a grain size of 220-1200 on rotary grinders and polished mechanically using suspensions based on SiO 2 , on Buehler disks-allowing to obtain a surface roughness of 6, 3 and 1 lm successively. Samples were digested with royal water. The prepared samples were cleaned in an ultrasonic cleaner in ethyl alcohol and dried with compressed air. The microstructure of the samples after DTA was observed using the Nikon MA200 optical microscope as well as the Carl Zeiss Ultra Plus scanning electron microscope (SEM) with the Bruker EDS microanalyzer. A quantitative image analysis was also performed to determine the percentage of carbide precipitations in the alloys with different carbon content. This analysis was carried out using ImagePro Plus software from the Media Cybernetics (USA).
The X-ray phase analysis was carried out on a TUR M62 X-ray diffractometer (Bragg-Brentano geometry).
The measurement was carried out in the angular range 2h = 20°-85°with a 0.01°step. Pulse measurement time was 3 s in each angular position.
Results and Discussion
Microstructural Analyses of Castings
The alloy is characterized by a coarse crystalline microstructure. The precipitates distributed in the interdendritic spaces are visible on the background of the bright matrix, as well on the borders of the crystallites (Figure 1) . The ordering of the distribution of precipitates in the crystallite areas was observed for all tested samples.
LCC samples are characterized by dendritic structure and the occurrence of numerous small blocky-type precipitates present in inter dendritic spaces (Figure 1a, d ). In addition, on the boundaries of crystallites, the presence of continuous precipitates arranging sometimes in fine lamellas structure precipitates is observed (Figures 1a, c and 2) . The complex structure of blocky precipitates (in LCC samples), is developed at higher magnification (SEM). These precipitates have an eutectic character (Figure 2a ).
For samples with a higher content of carbon (HCC), the coarsening of precipitates was observed, as well as its significant extension (Figures 1b, d and 3) .The blocky precipitations, in these samples, have a dual type structure-the dense and eutectic (Figure 3a ).
Image analysis performed using ImagePro Plus software showed differences in the amount of observed precipitates. A larger percentage of precipitates were noted for samples with higher carbon content. Correspondingly, 11.3% for LCC samples and 13.34% for HCC samples (Figure 4) . A similar tendency was seen by Ramirez and et al. 11 The authors observed the effect of the percentage of carbon in F75 type alloys (0.25-0.45%C) on the number of blocky type precipitates. According to them, the number of blocky type precipitates increases proportionally with the increase of the carbon content.
Quality changes in the microstructure were also noted ( Figure 4 ). The LCC samples were dominated by blocky eutectic precipitates (about 87%), continuous and lamellar precipitates (jointly) constituted about 13%. In the HCC samples, the dominance of blocky dense precipitates was observed (about 84%). Eutectic precipitates constituted only 4% of all identified precipitates. Continuous precipitates accounted for approximately 12%. No lamella fine precipitates were observed in the HCC samples.
In order to identify the precipitates, qualitative studies of the distribution of elements (mapping) were performed in selected characteristic areas of the samples by the EDS method (Figures 2 and 3) as well as phase analysis by X-ray diffraction ( Figure 5 ).
In blocky type precipitates, visible segregation of molybdenum and chromium is observed (Figures 2c, d and 3c, d) , which in combination with the presence of carbon (Figures 2e and 3e) suggests that these precipitates are carbides-which is confirmed by phase analyses using the X-ray diffraction ( Figure 5 ). In continuous solid type precipitates, chromium is dominant, while carbon and cobalt are also present (Figure 2a-c, e ). Similar segregations and nucleating at blocky-shaped continuous precipitates (in lamella form) were also described in work. 13 The authors identified them as primary cellular precipitates (M 23 C 6 ? b phase). The presence of non-metallic inclusions rich in silicon, visible in Figure 2f , also occurred.
The XRD phase composition analysis ( Figure 5 ), for all tested samples, showed that the alloy consists of b cobalt solution matrix as well as precipitations in the form of Cr 23 C 6 carbide. It is not possible to distinguish the peaks from these two phases, so an EBSD analysis was carried out obtaining in the grain areas the fcc phase-Co-Cr-Mo solution and in precipitates areas-the cubic phase-corresponding to Cr 23 C 6 carbide (in both LCC and HCC samples) ( Figure 6 ). These results are partly consistent with the Co-C-Cr ? 5% Mo equilibrium system, 37 from which it appears that at 1483 K the alloy with a carbon content up to 0.45% and sum Cr ? Mo approx. 35% should be single-phase with a b-solution structure. The alloy with carbon content higher than 0.45% contains in addition to the b-solution also precipitates of M 23 C 6 Figure 4 . The effect of the amount of carbon on the percentage of precipitates in castings. carbides. In the majority of investigations of actual Co-Cr-Mo-C alloys, carbides or carbides and intermetallic phases are present in the b-matrix solution. According to the studies by Gomez and co-authors 23 and Mancha and coauthors, 15 the primary structure of foundry cobalt alloys (whose chemical composition is similar to the LCC tested samples) immediately after crystallization, consists of a coarsely crystalline matrix of b solution and carbidesmainly M 23 C 6 . On the obtained diffraction patterns, peaks were also observed, the identification of which is not unambiguous.
The analysis of the PDF-4 database shows that additional peaks (for LCC, HCC samples) with the 2 theta angle equal to: 46.9 for LCC and HCC samples as well as about 75, respectively, for LCC samples can come from the r phase or the a phase. The r phase is very often identified by researchers-in Vitallium-type alloys-but with lower carbon content (about 0.25-0.35%) [quoting]. 11, 12, 28, 38 However, taking into account the fact that on EDS images large amounts of cobalt were not observed, in the area of precipitations (r phase should be created by cobalt and chromium), it is more likely that the tested castings additionally contain the a solution (about 9% according to the PDF no. : 04-017-1160) constituting the melt matrix together with the b solution. This claim is in line with the Mantrala study and coauthors investigating Stellite-21 alloy samples. Peaks obtained from diffractometric studies with a very similar value of the 2h angle, define as a cobalt solution with Miller indexes (101), which unequivocally suggests the presence of the a solution. 39 The DTA Results
From the DTA charts characteristic points describing thermal phenomena occurring during the crystallization of the alloy, defining temperature and time values were determined. Figures 7 and 8 show the cooling and crystallization curves for melts with a carbon content of 0.41%, and 0.81%, respectively, with values of the most important characteristic points ( Table 2 ).
The DTA plots (Figures 7 and 8) show that the carbon content of the batch affects the crystallization parameters, in particular increasing the T liq and decreasing the T sol with lower carbon content. Table 3 presents the characteristic points and ranges of transformations with the schematic description. The increase in liquidus temperature is notably for alloys with carbon content below 1%. The melting point of the Wironit extra-hard alloy, according to the manufacturer's specifications, should be in the range of 1533-1578 K. 33 For this study, the range of 1635-1660 K was obtained ( Table 2 ).This occurrence is very disadvantageous. Using the recommended pouring temperature of Another maximum on the crystallization curve G The end of phases precipitation in the solid state Another minimum of the first derivative 1693 K for casting the material, which usually has a carbon content of about 0.4%, a low degree of superheat is obtained, which significantly limits or even excludes the castability of the alloy. This is also important in the case of casting a small amount of alloy, without chemical composition checking-as is the case in dentistry. Analyzing the form of cooling and crystallization curves of the castings, it can be concluded that the final stage of crystallization, described as an eutectic transformation, occurs in a transient fashion in the T eut -T sol temperature range (the first derivative does not reach zero). This shape of the cooling curve (before complete crystallization (solidus) is observed in the DTA method for multicomponent alloys, in the non-equilibrium process with the formation of lowmelting multi-phase eutectics. 34 
Conclusions
The tests showed a very strong relationship between the carbon content and the microstructure of the Wironit extrahard alloy. The most important conclusions are:
• The LCC and HCC alloy structures consist of the b-Co solution matrix and the M 23 C 6 carbide precipitates in the interdendritic spaces as well as on the boundaries of crystallites. • a-Co solution was also found for all tested samples. • Together with the higher content of carbon, the percentage share of carbide precipitates increases and their nature changes from the blocky eutectic (dominating in LCC samples) to blocky dense (dominating in HCC samples). • With an increase in carbon content, the T liq temperature decreases and T sol increases.
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